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Abstract 
Previous studies on the synoptic forcing of high elevation areas of central Greenland have 
mostly relied on ice cores, snow pits, mesoscale models, and climate models. In this 
study, a radar-measured 118-year annual snow accumulation record (1889-2006) along a 
375 km traverse between NGRIP and NEEM ice camps in Greenland is used. A Self-
Organizing Maps (SOM) algorithm is applied to a reanalysis forecast model (20th 
Century Reanalysis Data Version 2 (1870 to 2008)) to identify recurring patterns in the 
sea level pressure (SLP) field that impact meteorological processes and explain annual 
variations of accumulation over North-Central Greenland for the 118 year period. 
The SOM algorithm identified 36 representative daily SLP patterns over the North 
Atlantic region. Synoptic weather patterns shown in these SLP patterns include cyclone 
splitting, cyclone-blocking, and cyclone tracks indicating changes in cyclone position and 
cyclone intensity. Based on radar-measured annual snow accumulation, common SLP 
patterns for wet years (more accumulation) over North-Central Greenland are 
characterized by low pressure systems surrounding Greenland or cyclones approaching 
the west coast of Greenland, conveying moisture through a topographically lifted onshore 
flow; these patterns are mostly associated with negative/neutral NAO index. In dry years 
(less accumulation), prevailing patterns are characterized by cyclones positioned a long 
distance away in the Atlantic Ocean south of Greenland, which are mainly associated 
with a positive NAO index. Extreme wet year prevailing patterns of NGRIP-NEEM 
traverse southern portion show a distinct departure from the above described North-
Central Greenland general patterns by having more frequent positive-NAO days, which is 
similar to dry and extreme dry years. Model precipitation amounts over North-Central 
Greenland from the 20th Century Reanalysis Data are found to be overestimated by up to 
10 cm/year. 
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Chapter 1        Introduction 
 
Greenland has a surface area of over 2×10
6
 km
2
, of which more than 80% is covered by 
inland ice, known as the Greenland Ice Sheet (GrIS) (Bamber et al. 2001). It is estimated 
that complete melting of GrIS could cause global sea level to rise as much as 7.2 meters 
(23.6 feet) (Church et al. 2001). Since the 1880s, average global temperature has 
increased by approximately 0. 8 °C (Hansen et al. 2010); meanwhile, average 
temperatures over Greenland have increased by more than twice this number (Vinther et 
al. 2006). The UN Intergovernmental Panel on Climate Change (IPCC) predicts that 
warming in the Arctic will range from 2 to 9 °C by 2100, with winters warming more 
significantly than summers (IPCC, 2007).  
        Recent changes in the ice sheet suggest that it is already responding dramatically to 
this warming climate. Alley et al. (2007) discovered an overall net loss of mass caused by 
increased melting and ice discharge resulting in a loss of mass has very likely already 
contributed to sea level rise. It is estimated that GrIS losses 160 ± 50 Gt per year, 
corresponding to about 0.5 mm per year of sea level rise (SWIPA, 2009). Besides ice 
discharge at the margins and melting in the ablation zones, a recent thickening in the 
interior of the ice sheet was also identified, which is said to be a result of increased 
precipitation associated with recent negative/neutral NAO values (Johannessen et al., 
2005; Thomas et al., 2006; Alley et al., 2007).  
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        The vast interior of the GrIS has the highest elevation (> 3000 meters) and lies 
within the dry-snow zone (Benson et al. 1962, Fahnestock et al. 1993; Hall et al. 2006). 
The dry-snow zone is defined as a portion of the glacier where almost no surface melting 
takes place, and is surrounded by the percolation zone at lower elevations where surface 
melt occurs during the warm season and water percolates into the glacier, but does not 
reach the base of the glacier. In the dry-snow zone, percolation and soaking are negligible 
(Benson et al. 1962). Near-surface internal ice layers in the dry snow zone provide a 
means of assessing annual accumulation inputs to the ice sheet.  These mass inputs to the 
ice sheet are dominated by episodic snowfall events that are strongly influenced by 
synoptic scale forcing.  
        The goal of this study is to examine past synoptic scale weather patterns from 
forecast model reanalysis by classifying the patterns using a Self-Organizing Maps 
(SOM) algorithm to answer the following questions: 
1. What are the major storm tracks and cyclone activities of North Atlantic region 
present in the 20th Century Reanalysis Data, Version 2 (20CRv2)? 
2. What synoptic patterns are responsible for precipitation over North-central 
Greenland based on 20CRv2 and annual accumulation data from a NGRIP-NEEM 
radar survey? 
3. Are there differences in synoptic scale patterns during wet years and dry years in 
North-central Greenland? If the answer is positive, what are the prevailing 
synoptic patterns in each of these two types of years?  
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4. How are the North Atlantic Oscillation (NAO) and the Northern Annular Mode 
(NAM) related with the identified synoptic patterns?  
5. How does long-term variability of North-central Greenland precipitation/annual 
accumulation compare with NAO and NAM records? 
        Answers to the questions raised above are studied, discussed and answered in the 
following chapters. 
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Chapter 2        Background 
 
2.1 GRIS Physical Processes 
When the climate is cold enough for snow to accumulate, an ice sheet starts to form. 
Through tens of thousands of years, the weight of new input from precipitation 
continuously compresses existing annual snow layers, forming annual ice layers. Ice 
sheets are also constantly spreading out due to their own weight, from the areas with high 
accumulation rates to the melting zones on the flanks. In coastal regions, ice is lost 
through surface melt and ice discharge; discharged ice could break off to form icebergs 
that eventually melt. 
        Precipitation is the main input source term for the ice sheet; evaporation, 
sublimation, melt, and ice discharge from glaciers are the main loss terms. When the 
input terms are less than the loss terms over time, the total mass of the ice sheet will 
gradually decrease. A study (SWIPA, 2009) of over 400,000 years of global sea level 
data and global temperature data shows a clear association between periods of lower and 
higher global temperature and changes in the size of the Greenland Ice Sheet. 
Fluctuations in the volume (size) of the ice sheet are also strongly anti-correlated with 
changes in sea level: growth of an ice sheet leads to falling of sea level falls, and vice 
versa. Moreover, increased Greenland Ice Sheet melt and freshwater input into the 
northern North Atlantic Ocean can weaken or even disrupt the global thermohaline 
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circulation and thus impact global climate (SWIPA, 2009). 
        The Greenland Ice Sheet is highly susceptible to a variety of meteorological forcing 
factors. Solid precipitation is the primary component of mass balance input; other input 
processes include snow drifted from elsewhere, retained rainwater, riming of fog 
droplets, and deposition of water vapor onto the snow as frost. Most precipitation 
(roughly 96%) that falls onto the ice sheet is snow; the remainder falls as rain near the ice 
sheet margins (SWIPA, 2009). Better understanding of mechanisms leading to 
precipitation and snow accumulation over Greenland is important for understanding 
causes of recent mass balance changes to the Greenland Ice Sheet as well as predicting 
future changes. 
        In the past, the Greenland Ice Sheet accumulation rate estimates have relied heavily 
on multi-year climatologies derived from ice cores, snow pits, and coastal precipitation 
records (Benson, 1962; Ohmura and Reeh, 1991; Ohmura et al., 1999). Accumulation 
records derived from stratigraphic layers and chemical records in ice cores and snow pits 
are prone to uncertainties caused by redistribution, erosion, and disturbance of wind 
(Anklin et al., 1998; Mosley-Thompson et al., 2001). In addition, previous studies have 
mentioned that these point measurements can only be used to estimate ice accumulations 
within a range of 150-200 km (Bales et al., 2001; McConnell et al., 2001).  The lack of 
accuracy and spatial coverage in the inland areas has also led to poorly quantified 
uncertainty in these regions. Coastal precipitation data measures solid precipitation near 
the coast of Greenland; however, there still lacks straight-forward relation between these 
precipitation records and ice sheet’s accumulation in the interior.  
6 
 
        Meteorologists have applied General Circulation Models (GCM) (Ohmura et al., 
1996; Thompson and Pollard, 1997; Glover,1999; Murphy et al., 2002), regional climate 
models (RCM) (Dethloff et al., 2002; Box et al., 2004, 2005, 2006; Fettweis et al., 2008; 
Ettema et al., 2009) and climate reanalysis data (Hanna et al., 2005, 2006, 2008) to the 
estimation of GrIS accumulation rates and ice sheet mass balance, improving temporal 
resolution and providing continuous spatial coverage. In situ data, including ice/firn core 
records, snow pits, and Automatic Weather Station (AWS) data, provide the means to 
assess and calibrate results from RCMs and GCMs. Box et al. (2006) characterized GrIS 
Surface Mass Balance (SMB) regional patterns over 1988 to 2004 using a Polar MM5 
(Fifth Generation Mesoscale Model modified for polar climates), a regional climate data 
assimilation and downscaling model. Burgess et al. (2009) presented a more improved 
GrIS accumulation grid by compensating spatially varying bias in Polar MM5 solid 
precipitation, using firn/ice core and coastal stations/data as comparison (Fig. 1). They 
estimate an average accumulation rate of 339 mm/year water equivalent (w.e.; the 
amount of water contained within the ice layer, measured by the depth of water that 
would theoretically result if melted ice layer instantaneously) or 591 Gt/year for the 
period of 1957 to 2008, a value higher than previous studies by 75 to 104 Gt/year. The 
general spatial variability of GrIS accumulation agrees with previous studies (Calanca et 
al., 2000; Dethloff et al., 2002; Box et al., 2006; Burgess et al., 2009), including 
maximum accumulation along the southeast coast, large accumulations at the southern tip 
and along the west coast, moderate amount of accumulation in the interior of southern 
Greenland, and low accumulation in the vast north-central Greenland. Burgess et al.’s 
calibrated model identified 31% of GrIS’s accumulation took place over the southeast, 
7 
 
which is a magnitude large enough to affect the overall GrIS surface mass balance during 
certain periods.  
        No long-term significant ice-sheet-wide accumulation trend was found. However, 
during 1960 to 1972, an accumulation increase in the west and decrease in the east 
occurred simultaneously (Burgess et al., 2006). Box et al., (2006) found an over-all 
positive but insignificant increasing trend during 1988 to 2004. Burgess et al. suggested 
that prior to 1992, the western ice sheet accumulation rate increased while the southeast 
accumulation rate slightly decreased, which agrees with results from the 40-Year 
ECMWF Re-Analysis (ERA-40) showing increasing precipitation during the 1990s 
(Hanna et al., 2005). 
 
Fig. 1 Calibrated Polar MM5 annual accumulation rate map for 1958-2007 (Burgess et al. 2009) 
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2.2 Meteorological Forcing Factors 
Precipitation over Greenland varies spatially. Bromwich et al. (1993) modeled the 
temporal and spatial properties of Greenland’s precipitation for 1963 to 1988 from 
National Meteorological Center (NWC)’s geopotential heights data. Schunemann et al. 
(2009) estimated annual mean precipitation of the North Atlantic region during 1961 to 
1999. Along with results from many other previous studies (Ohmura and Reeh 1991; 
Chen et al. 1997; Ohmura et al. 1999; Bales et al. 2001; Box et al., 2004, 2005, 2006), 
 
Fig. 2 Annual mean precipitation (cm) derived from ERA-40 (1961-1999) over the North Atlantic region. 
Contour interval is 10 cm. (Schuenemann et al., 2009) 
there was agreement on similar spatial precipitation patterns: the southeast coast receives 
maximum precipitation of more than 165 cm/year; large magnitude of precipitation of 
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more than 100 cm/year falls over the southwest coast; western Greenland receives 
moderate amount of precipitation (> 50 cm/year); and low precipitation of less than 10 
cm/year falls in the elevated area in north-central interior of Greenland. Overall, 
Schunamann et al. (2009) estimates 35.8 cm/year of mean precipitation over Greenland 
(Fig. 2), while Bromwich et al. (1998) obtained a value of 35.0 cm/year; later results all 
came close to this value (Ohmura et al. 1999; Bales et al. 2001; Box et al. 2004, 2005, 
2006). 
        Precipitation patterns can generally be well explained by synoptic scale circulation 
patterns at the surface. The North Atlantic Storm Track and cyclones over the North 
Atlantic Region dominate Greenland’s precipitation: interactions between cyclonic 
forcing, onshore flow, and Greenland’s topographic features lead to most precipitation 
over Greenland (Chen et al. 1997). Chen et al. (1997) divided Greenland into 5 sub-
regions according to their different precipitation characteristics. Over the northern coastal 
region and central inland region, summer precipitation is notably higher than other 
seasons. For central-west, central-east, and southern regions, clear relationships between 
precipitation and cyclonic activity were also found. Higher monthly mean frequency of 
Labrador Sea cyclones were linked to more precipitation over Greenland during certain 
months; frequent Icelandic cyclones were found to reduce precipitation over Greenland.  
Schunemann et al. (2009) also divided Greenland into five sub-regions (different from 
Chen et al.’s regions). Using ERA-40 daily resolved sea level pressure (SLP) data and a 
Self-Organizing Maps (SOM) algorithm, he identified three common storm tracks: 
blocking, splitting, and re-intensification of cyclones due to high elevations of the 
Greenland ice sheet. It is also found that when lows are situated in the Labrador Sea west 
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of Greenland or when a broad area of low pressure is surrounding Greenland, higher 
amounts of precipitation fall in western as well as central regions. Through a case study, 
Moore and Vachon (2002) identified that cyclone-splitting followed by re-intensification 
of secondary cyclone in the Labrador Sea is a potential genesis mechanism for polar 
lows. Polar lows are defined as fairly intense mesoscale cyclones (200km – 1000km in 
horizontal scale) that primarily develop during colder seasons in high latitude open seas 
(Rasmussen and Turner, 2003); they are common over the Norwegian Sea (Harley, 1960; 
Harrold and Browning, 1969) as well as in the Labrador Sea (Mailhot et al., 1996; Moore 
et al., 1996; Moore and Vachon, 2002). In summary, the greatest precipitation of each 
sub-region is caused by moist air transport by onshore and upslope flow. 
        A climatic seesaw effect negatively correlating with the wintertime climate of 
western Greenland and Northern Europe was discovered centuries ago and studied by 
many (Rogers and van Loon, 1979).  The North Atlantic Oscillation (NAO) and the 
Northern Annular Mode (NAM, or Arctic Oscillation) are well known indices that help 
explain these teleconnection patterns, as well as other extratropical circulation patterns 
effecting climate patterns of the North Atlantic region. The NAO is a climatic index 
defined by the difference of atmospheric pressure at sea level between the Icelandic low 
and the Azores high that can have an influence on Greenland snow accumulation (Hurrell 
et al., 2003, 2009). The NAM, defined as the first Empirical Orthogonal Function (EOF) 
of winter Sea Level Pressure (SLP) data within the latitude range of 20°N to 90°N, is a 
good indicator of extended winter-mean (DJFM) variance. Previous studies found the 
NAO to causes the North Atlantic jet stream and some related storm tracks to change 
directions and intensity, with its resulting influence varying spatially and temporally 
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(Mosley-Thompson et al., 2005). Rogers and van Loon (1979) and Bromwich et al. 
(1999) revealed that a positive NAO scenario is associated with stronger westerlies and 
reduced southwesterly flow that brings moisture to Greenland, resulting in an overall 
average reduction of accumulation. Contrarily, with a negative NAO, the large-scale 
atmospheric flow is more frequently from the southwest, bringing more moisture to the 
ice sheets, particularly the south part of GRIS. Studies have claimed that the NAM and 
NAO maybe indistinguishable (Feldstein and Franzke, 2006), or indistinguishable at least 
during winter months (Rogers and McHugh, 2002). However, compared to the NAO 
index, the NAM provides an additional view on long-term synoptic patterns of the Arctic 
region, which may also play role in precipitation of Greenland.   
        Appenzeller et al. (1998) found a negative correlation between ice-core-based 
accumulation records of Western Greenland and NAO index during 1979 to 1993. 
Mosley-Thompson et al. (2005) studied the regional sensitivity of Greenland 
precipitation to NAO variability using PARCA (Program for Regional Climate 
Assessment) ice core data and inland core data (GITS, NASA-U, D2, D3, Summit, D1, 
and Raven). They found that accumulation at Summit (72°36’ N, 38°25’W) and Raven 
(66°29’ N, 46°18’ W), which are located in the central and southern-central, respectively, 
are poorly correlated to annual NAO index; whereas cores (GITS, NASA-U and D2) 
located in the west show a stronger negative correlation. It is also found that some of the 
cores from west Greenland exhibited a significant correlation with NAO before the 1920s 
warming, but faded afterwards. Banta and McConnell (2007) obtained similar results 
using records from four new ice cores, D4 and D5 in the central western Greenland, 
Sandy and Katie at Summit. For the Summit region (Sandy, Katie, Summit99), no 
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significant correlation was found for the period 1934 to 1998. The central western 
correlation (based on cores D2, D3, D4, and D5) was found to be even higher than the 
Mosley-Thompson et al. (2005) results. 
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Chapter 3        Data and Methodology 
 
3.1 Accumulation Data 
In 2007, a field expedition named the NEEM Traverse and Survey was conducted by the 
Centre for Ice and Climate (CIC), University of Copenhagen and the Center for Remote 
Sensing of Ice Sheets (CReSIS) at the University of Kansas.  As part of this survey, 
surface-based measurements of internal layer depth along a 375 kilometer segment of the 
Greenland ice divide connecting NGRIP and NEEM ice core sites (Fig. 3) were 
conducted using a 0.5 – 2.0 GHz FM-CW radar developed by CReSIS. Annual layers 
over the time frame 1889 to 2007 have been continuously tracked over the length of the 
traverse to obtain layer thickness. NEEM and NGRIP ice core records are available, and 
several shallow ice cores were collected along the traverse. These core data provide 
firn/ice density profiles and age-depth information that are used to maximize the accuracy 
of the radar derived annual accumulation. By using the thickness of the annual layers and 
ice core density profiles, annual water equivalent accumulation along the 2007 traverse 
path can be obtained more than one hundred years back in time.  
        Internal layering in the near-surface zone of the ice sheet is caused by seasonal 
variations in densification, sintering, and internal water vapor transport (Dibb and 
Fahnestock, 2004). A lack of melting in the dry snow zone and episodic snowfall events 
bury these layers over time, providing an annual record of accumulation. Density 
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differences of these annual layers result in local changes to the dielectric properties in the 
snow/ice media, which cause scattering of radar pulses that can be detected with a high 
frequency, high sensitivity FM-CW radar. This enables the radar to detect and track near-
surface ice sheet internal layers (Rink, 2006). Hoar layers are the most visible layers in 
the near-surface firn, due to their density and crystal size contrast. This large contrast in 
density reflects electromagnetic energy substantially (Rink, 2006). Formation of hoar 
layers is caused by sublimation of ice crystals when heat flux is large. In central 
Greenland, strong summertime radiative heating of near-surface snow leads to strong 
temperature gradient and thus forms depth hoar (Alley et al., 1990). Boundaries of an 
annual layer are defined by adjacent hoar layers. Therefore, an ice year starts 
approximately in August and ends around the next August; annual accumulation is the 
amount of ice accumulated within an ice year.  
        Data collected by the radar are subsequently processed and visualized using CReSIS 
developed tools for Matlab environment. Matlab-based layer picker software developed 
by CReSIS is that main tool used to track the depth of annual layers (Fig. 4). The ice 
density profile along the traverse was assumed to be the same as the density profiles of 
the NEEM ice core. With layer thickness and an ice density profile, water equivalent 
annual accumulation rate can then be determined, counting layers back in time from the 
ice surface. The chronology of the layers is constrained by the age-depth profiles of the 
NEEM and NGRIP cores at each end of the traverse. The NEEM traverse, if separated 
into Southern and Northern sections by the point it bends to the northwest (at 
approximately at 76°N, 44°W), show different accumulation patterns. The southern 
section, located slightly more in the interior of Greenland, has a lower mean annual ice 
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accumulation (0.1543m/year w.e.) compared to the northern section (0.1721m/year w.e.). 
The most total ice accumulation of 1889 to 2007 occurred at the location of NEEM site. 
Moving southeasterly along the traverse from the NEEM site, the average annual ice 
accumulation amount decreases until the bend in the traverse, where the minimum 
accumulation is observed; south of this accumulation-minimum point, accumulation 
amount remains fairly constant to the NGRIP core site.  
 
Fig 3. Location of the North Greenland Traverse, NGRIP and NEEM field camps in Greenland are shown; 
the white and blue line connecting the two sites shows the approximate route followed by both the surface 
traverse in 2007 and an airborne survey in 2011. 
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Fig. 4 Example of visualized ice sheet internal layers of NEEM traverse. 
 
3.2 Meteorological Data 
The NOAA-CIRES 20th Century Reanalysis Data - Version 2 (20CRv2) product 
(Physical Sciences Division and the University of Colorado CIRES Climate Diagnostics 
Center) is a 6-hour-resolved, 4-dimensional global coverage atmospheric data set that 
spans from September 1869 to December 2008 (Compo et al., 2011).The International 
Surface Pressure Databank (ISPD) version 2 (ISPDv2) is used for the production of 
20CRv2. It is comprised of surface (land) and marine observations and tropical cyclone 
‘best track’ pressure observations and reports. The station component is composed of 
various national and international SLP and surface pressure collections, with the 
International Surface Database contributing the largest proportion. International 
Comprehensive Ocean – Atmosphere Data Set (ICOADS) version 2.4 (for years 1952 – 
2008 of 20CRv2) and version 2.5 (for years 1871–1951 of 20CRv2) (Woodruff et al., 
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2010) are adopted for the marine component. An ensemble filter data assimilation 
method is applied to surface pressure reports; monthly sea-surface temperature 
observations and sea-ice distributions are used as boundary conditions. Compared to 
NCEP-NCAR Reanalysis data that starts in 1948, the 20CRv2 has an expanded time span 
to cover important climate events such as the 1920’s warming period and the 1930's dust 
bowl droughts (Compo et al., 2011). 
        The 20CRv2 provides a large variety of variables. In this project, only precipitation 
rate and SLP are employed in the analysis. Precipitation rate is on a global Gaussian T-62 
grid, given in the 20CRv2’s yearly time series analysis fields; SLP is on a 2°x2° degree 
global lat/lon grid provided in 20CRv2’s monthly synoptic fields. 
        The North Atlantic domain selected for this study is 0°W to 80°W, 36°N to 82°N, an 
area large enough that major storm tracks and cyclone systems potentially affecting 
Greenland’s precipitation can all be included. The Azores Islands also lie within the 
domain, thus the full features of North Atlantic Oscillation can be displayed in the SLP 
maps. SLP data of the North Atlantic domain is interpolated into 100km x 100km Equal-
Area Scalable Earth Grid (EASE-Grid). By doing this, all data points on a SLP map will 
represent grids of the same area, allowing equal weighting in the Self-Organizing Maps 
algorithm. 
        The NEEM Traverse and Survey accumulation data domain lies within a 1×6 sub-
grid of the global Gaussian T-62 grid, covering 41.25°W to 52.50°W, 75.2°N  to 77.1°N. 
Precipitation modeled by 20CRv2 shows that precipitation at the northern portion is 
constantly larger than southern portion by 30% to 40% during 1870 to 2008 period, 
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agreeing with the relatively higher ice accumulation observed by radar and ice cores. In 
this study, the average precipitation amount of the 1×6 Gaussian T-62 grid is used to 
represent overall precipitation of NEEM Traverse and Survey area. A 20CRv2 annual 
precipitation time series (Fig. 5) shows that a distinct offset took place in the early 1930s. 
For the time period of 1934 to 2008, 20CRv2 predicts mean annual precipitation in this 
area to be 34.82 cm/year, a value higher than previous estimates (Bromwich et al., 1998; 
Schunamann et al., 2009) by up to 10 cm/year; prior to this offset, the model predicts a 
precipitation rate of 52.28 cm/year, which is grossly overestimating the area’s 
precipitation and is not supported by ice core and radar observations. This offset is 
believed to be cause by the limited availability of station and marine observations before 
the 1930s. Fig. 6 shows the total number of station and marine observations from 
ICOADS (Fig 6a) and ISPD (Fig. 6b) of 1870 - 2008, respectively. ICOADS statistic 
(Slutz et al., 1985) shows that the number of marine-based reports has experienced a 
rapid increase starting around 1940. There were peaks in the number of reports (mid 
1910s, late 1920s, and late 1930s) prior to 1940; however, the numbers of reports since 
1950 exceeded these peaks.  For the North Atlantic region, report numbers only reached 
10,000 per month before 1940 (mid 1910s, late 1920s, and late 1930s), while after the 
1950s, more than 30,000 reports were available in almost all months; since 1960, the 
number of reports grew until it reached a maximum of more than 139,000. The 
International Surface Pressure Databank (ISPD) provides a comprehensive list of station 
(land) records, including coordinates and observation start and end time for each station. 
As shown in Fig. 6b, prior to 1940, very few surface pressure station reports were 
available in the North Atlantic region (less than 100, most of which are located in 
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Western Europe, including Iceland). Less than 5 station records were available annually 
in the Western Greenland and Baffin Bay domain before the 1930s, and less than 10 
during the 1930s years. A rapid increase in the number of surface stations of both 
Western Greenland and Baffin Bay domain and the entire North Atlantic region occurred 
after 1940. Since 1960, in most years, there were reports from more than 1000 stations in 
the entire North Atlantic domain and more than 30 in the Western Greenland and Baffin 
Bay domain. Since the modeled precipitation is dependent on surface pressure, sea level 
pressure, and sea surface temperature (SST) reports, it is likely that the 20CRv2 model 
prediction’s overestimation of precipitation in NEEM Traverse and Survey area prior to 
the 1930s is explained by the low number of reports. Due to the problem of unrealistic 
precipitation estimates, the year 1934 is chosen to be a point of transition based on the 
time when the distinct offset in modeled annual precipitation occurred.  In this study, two 
separate analyses have been conducted: a more in-depth synoptic pattern analysis for the 
time frame 1934 to 2008, when more observations were available for surface analysis; 
and a similar analysis for 1870 to 2008 for comparison. 
 
Fig. 5     Precipitation annual time series of the NEEM Traverse and Survey area based on 20
th
 Century 
Reanalysis Data (Version 2) 
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(a) 
 
(b) 
Fig. 6 (a) Number of yearly ICOADS North Atlantic region (SLP data domain, 0°W to 80°W, 36°N to 
82°N) reports after duplicate elimination. (b) Number of surface pressure stations within 1) blue line: North 
Atlantic region (SLP data domain, 0°W to 80°W, 36°N to 82°N), left axis; 2) green line: NEEM Traverse 
and Survey and its neighboring area (80°W to 55°W, 70°N to 80°N), right axis. 
    
        For NAO index records, Hurrell Annual station-based North Atlantic Oscillation 
Index (NAOI) covering 1870 to present and a daily version of NAOI (based on the 
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Rotated Principal Component Analysis (RPCA) of monthly standardized 500mb height 
anomalies in the latitudinal range of 20°N-90°N) extending from 1950 to present is used. 
Appenzeller et al. (1998), Banta et al. (2007), Mosley-Thompson et al. (2005), 
Johannessen et al. (2005) all adopted this version of annual NAOI to study the correlation 
between NAO and precipitation and ice sheet changes in Greenland. NAM employed 
here are Hurrell wintertime SLP-based Northern Annular Mode (NAM) Index (annual) 
and daily NAM index (based on Empirical Orthogonal Function (EOF) analysis of 
monthly mean 1000-hPa (700-hPa) height anomalies pole-ward of 20°N latitude). Daily 
NAM covers the same time domain as daily NAO; annual NAM index extends farther 
back to 1899. These NAM data series were mostly used for studies on lower-latitude 
regions such as United States and Mexico. Few previous studies have related these data 
to North-central Greenland climatology. 
 
3.3 The Self-Organizing Maps Algorithm 
The spatial and temporal patterns of the North Atlantic domain’s SLP maps from 1870 to 
2008 have been obtained using the Self-Organizing Maps (SOM) algorithm, and these 
patterns have been compared with annual snow accumulation, daily precipitation record 
from 20CRv2, and daily and annual NAO and AO indices. 
    The SOM algorithm is a neural network algorithm used to analyze large amounts of 
high dimensional data and group them into a user-selected number of clusters (also 
referred to as units or nodes) through an unsupervised iterative training procedure. Every 
individual condition present in the original data set has a Best-Matching Unit (BMU, 
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defined as the node with least distance from the current condition) in the output nodes. 
All of the output maps together form an organized map, a two-dimensional array of 
patterns. The SOM algorithm was first introduced to a variety of disciplines by Kohonen 
et al. (1989, 1990, 1995). Hewitson and Crane (2002) applied it to climatology data to 
study synoptic scale circulation over north-east United States. Main et al. (1997) used 
SOMs to investigate seasonality of Southern Africa in general circulation models 
(GCMs). The SOM algorithm has also been applied for climate classification purposes in 
multiple studies (Malmgren et al., 1999; Cavazos et al., 1999, 2000). Previous work has 
shown the SOM algorithm’s ability to understand large data sets of various structures and 
to categorize complex atmospheric circulation patterns into a manageable number of 
nodes. Furthermore, the SOM algorithm provides a means of visualizing these identified 
nodes as well as preserving the temporal continuity of the atmospheric circulations in the 
output maps. 
    In this study, the SOM algorithm is applied to 20CRv2 SLP data within the North 
Atlantic domain described above. This work was conducted using the SOM toolbox for 
Matlab (http://www.cis.hut.fi/projects/somtoolbox/). A user selected map size (SOM 
size) is required as input parameter for producing the optimal SOM. A map size too big 
results in the SOM having redundant patterns that are too similar to one another. A map 
size that is too small may lead to over-generalizing existing patterns (i.e. a single node 
representing multiple patterns might conceal significant atmospheric circulation patterns). 
In this study, map sizes ranging from 2×2 to 10×10 were tested. By applying elbow 
criterion (Tibshirani et al., 2001) to evaluate resulting quantification error (defined as 
average distance between each individual condition’s present in the data set and its 
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BMU) and topographic error (defined as the proportion of all conditions present in the 
data set which its BMU and 2
nd
-BMU being non-adjacent node), the map size of 6×6 was 
found to be the optimal size. Visual inspection of similar map sizes (e.g. 5×7, 7×7, 8×8 
etc.) was also done to ensure nodes  in the 6×6 SOM extracted all significant SLP 
patterns; increasing map size beyond 6x6 only resulted in adding indistinguishable 
patterns and does not significantly reduce quantification error. 
    For the 6×6 SOM, the probability of any certain day’s SLP pattern mapping to one 
of the 36 nodes is 1/36 or 2.78%. In other words, assuming every daily SLP pattern in the 
data set is represented by one of these 36 nodes (i.e. the BMU), then the expected 
frequency of occurrence for each node would be 2.78%. The following equation can be 
used to determine the significance of each node’s frequency at 95% confidence interval 
(Schunemann et al., 2009): 
       
      
 
    , 
Here   is probability of any certain day’s SLP pattern mapping to one of the nodes in the 
Master SOM;   is the number of daily SLP patterns used to produce the Master SOM (i.e 
number of days in the SLP data). In the 1934 to 2008 case,   equals to 27,363 (SLP data 
in 20CRv2 are missing dates: January 2
nd
, 1952- January 31
st
, 1952 and October 31
st
, 
2000;   = 50,737 in 1870 to 2008 case, missing dates are: January 1st, 1870, January 2nd, 
1952- January 31
st
, 1952 and October 31
st
, 2000. Therefore, if the frequency of a node 
falls outside the calculated interval of 2.58% to 2.97% (in the case of 1870 to 2008, 
2.63% to 2.93%), it is considered either significantly high or significantly low. 
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        Note that in Chapter 4, annual accumulation is compared with annual statistics of 
SOM node frequencies, although annual accumulation records are based on ice-year hoar 
layer development (a few months prior to the calendar year until a few months before the 
end of the calendar year) while annual statistics of SOM node frequencies are based on 
calendar year. 
 
 
Fig. 7 Master SOM based on 20CRv2 SLP anomaly (Pa) from 1934 to 2008. Positive SLP anomalies are 
shaded in red, whereas negative SLP anomalies are shaded in blue.  
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Chapter 4        Results 
 
4.1 The Master SOM 
The SLP anomaly maps derived using the SOM algorithm is arranged in a 6×6 grid map, 
as shown in Fig. 7. This map will be referred to as the Master SOM. Each node is given a 
coordinate, e.g. (1, 1), (2, 1), based on their grid locations. As mentioned in the previous 
section, each daily SLP anomaly map has a BMU among the nodes in the Master SOM. 
Thus the Master SOM provides full coverage of all SLP anomaly cases that occurred in 
the 1934 to 2008 time frame. All meteorological features, including the North Atlantic 
storm track, Icelandic low, Azores High, etc., can all be found in the nodes.  Within every 
node, negative SLP anomaly (blue) corresponds to low pressure, while positive SLP 
anomaly (red) corresponds to high pressure; their centers depict the centers of cyclones or 
anti-cyclones.  
        Focusing on the positions and intensities of low pressure systems in the Master 
SOM, the following general features are present: a northward shift of the low pressure 
system in every row from (6,X) to (1,X) (Here X is any column number); intensities of 
these low pressure systems tend to weaken in the middle columns, then re-intensifies and 
reaches another strong stage at the first column. Going from top nodes to bottom nodes in 
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any column (Example: from (X,1) to (X,6), X being any row number), low pressure 
systems shifts westward. However, intensity changes vary among different columns. 
        Several noteworthy cyclone tracks can be found in individual rows or columns. In 
the top row from right to left (from (6,1) to (1,1)), the Icelandic Low shifts northward 
towards Greenland’s southeast coast, while increasing strength. In the first column (from 
(1,1) to (1,6)) from top to bottom, intensity of Icelandic Low weakens and shifts slightly 
towards the southwest, while the Azores High moves towards the Northwest of Azores 
Island. Along the bottom row from left to right (from (1,6) to (6,6)), the Icelandic low is 
near Iceland, shifts westward and weakens, and moves around Cape Farewell in southern 
Greenland. Then it intensifies and settles in eastern Canada. Meanwhile, the Azores High 
weakens and shifts northeastward until it is south of Iceland. In the last column from 
bottom to top (from (6,6) to (6,1)), the Azores High weakens. Low pressure located in the 
east of Canada moves eastward in the North Atlantic and becomes a vast system. Overall, 
from the left side to the right side of the Master SOM, the pressure gradient between the 
Icelandic Low and Azores High decreases; from top rows to bottom rows, changes in 
cyclone intensities are not monotonic, whereas changes in positions are also relatively 
small. Temporal evolutions of cyclone actions over time are shown in the Master SOM 
charactering all existing North Atlantic region SLP patterns and their evolution over time. 
An analysis of the nodes’ daily transition over the time of interest provides some insights 
on the synoptic forcing leading to precipitation in North-central Greenland.  
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        The SOMs generated using the full time length of 20CRv2 from 1870 to 2008 has 
no observable difference than Fig. 7, implying that prior to 1934, there is no significant 
addition of new, unique SLP patterns to those already shown in Fig. 7. 
 
4.2 NAO and AO 
The North Atlantic Oscillation (NAO) index is calculated using the difference of 
normalized sea level pressure (SLP) between the Icelandic low and the Azores high. 
When a strong Icelandic low as well as a strong Azores high is present, NAO index is 
positive. In positive NAO index scenarios, weather systems over the North Atlantic are 
more intense, while milder and wetter weather typically takes place in Western Europe.  
        Hurrell’s annual and daily NAO Index and NAM (AO) Index are employed to verify 
the connection between these two indices and precipitation of North-Central Greenland, 
as well as their relations with node-represented SLP patterns. Daily NAO and AO indices 
are available from January 1
st
, 1950 through present; Annual NAO and AO indices cover 
1864 through present. Only NAO and AO from days and years matching our 20CRv2 and 
NEEM Traverse Annual Accumulation availability are used. Mean and median as well as 
distributions properties of daily NAO and AO values for all days which SLP patterns 
mapped to each node in the Master SOM are calculated and analyzed (Figs. 8, 9), under 
the assumption that if any given daily SLP pattern is mapped to a certain node, it is 
considered to resemble the SLP pattern of that node. For all nodes, the corresponding 
daily NAO index follows a relatively peaked normal distribution (Fig. 8a; Kurtosis in the 
range of 2.48 – 3.70) with very small skewness (Fig. 8a; skewness between -0.49 – 0.18); 
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daily AO index distribution show similar features (Fig. 8b; Kurtosis and skewness in the 
range of 2.52 – 5.83 and -0.63 – 0.29, respectively.). Mean daily NAO index and daily 
AO index (Fig. 9a&b) are parameters serving the purpose of studying NAO and AO 
overall trend in the Master SOM; they are not actual NAO and AO values of their 
corresponding node’s SLP patterns.  Mean NAO and mean AO distributions are in 
general agreement: From the first column nodes to the sixth column nodes, mean NAO as 
well as AO indices decrease monotonically, as a southward shift of a low pressure system 
and northward shift of a high pressure system is present in the Master SOM. Nodes with 
highest mean NAO and AO are both shown to be Node (1,1); this node is characterized 
by the strongest Icelandic Low and strong Azores High. Moving downward along the 
first column (from Node (1,1) to Node (1,6)), mean NAO and AO decrease.  One major 
difference in mean NAO and AO features shown by Fig. 8a and 8b is lowest NAO and 
AO nodes. Lowest mean AO is found in Node (6,1) , while lowest mean NAO occurred 
in Node(6,4) which is characterized by high pressure system close to Iceland and Azores 
Island surrounded by low pressure system. This difference is caused by latitudinal range 
of telecommunication patterns focused on by NAO and AO indices: NAO characterizes 
north-south dipole SLP anomalies, which one center is located over Greenland and the 
other between 35°N and 40°N in the North Atlantic; AO’s calculation takes into account 
SLP anomalies of the Arctic region in higher latitude zones. Therefore when positive SLP 
anomalies are located farther north in the high latitudes and negative SLP anomalies are 
stronger in lower latitudes (Node (6,1)), mean AO is at its lowest.  
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(a) 
 
(b) 
Fig. 8 Histograms of daily NAO (a) and AO (b) values for all days which SLP patterns mapped to each 
node in the Master SOM; each sub-plot corresponds to node of the same grid location in the Master SOM. 
Median, mode and kurtosis statistics are provided in sub-plots. 
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(a)                                                                                (b) 
Fig. 9 Daily NAO (a) and AO (b) values for all days which SLP patterns mapped to each node in 
the Master SOM; positive values are bold and shaded in red; negative values are shaded in blue. 
 
4.3 Daily Variations 
Each node in the Master SOM has the chance to map to the current node, a neighboring 
node, or a non-adjacent node in the next day. Fig. 10 illustrates each daily node’s 
evolutions. The three percentage values in the bottom of each node correspond to the 
percentage of SLP daily cases remaining in the current node, moving to an adjacent node 
(does not include diagonal nodes), and jumping to a non-adjacent node in the next day, 
respectively. The length of the arrow pointing a certain direction represents the chance of 
the current node moving to its adjacent node or diagonal node in that direction. These 
daily variation features eventually make up all synoptic transitions, including cyclone 
activities in the North Atlantic region and cyclone interactions with the GrIS.  
        One example of possible cyclone track is shown in nodes (3,6) and (4,6): a blocking 
of cyclone movement by the high elevations of the southern GrIS at the west coast of 
Greenland. These two nodes, showing similar features with a low pressure center just off 
the southwest coast of Greenland, both have a 30% chance of remaining in the same node 
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the next day. Furthermore, their long arrows pointing towards each other indicate high 
chances of moving back and forth between each other for a number of consecutive days, 
i.e. low pressure system stays off the southwest coast of Greenland. High precipitation 
nodes that persist for days will lead to a significant contribution in that year’s total 
precipitation, thus impacting annual snow accumulation. Another possibly common 
pattern shown by the Master SOM and daily variation is splitting of cyclones in the 
Labrador Sea by the high elevation terrain of Greenland’s southern tip. The beginning 
nodes of this cyclone track can be (4,4), (5,5), or (5,6); as we move left through Nodes 
(3,5), (2,5), (1,5), etc., a cyclone located near the southern tip of Greenland gradually 
splits into two smaller cyclones. The two new low pressure cyclones – one located west 
of Greenland in the Labrador Sea, the other near Iceland – are formed, as in Nodes (1,6) 
and (2,6). Note that the secondary cyclone, if it intensifies as it moves northwestward, 
can potentially develop into a polar low in colder seasons.   
        No evident distinctions are found between 1870 to 2008 and 1934 to 1870’s node 
daily evolution patterns (Appendix: Fig. 20) besides the negligible difference in 
frequency statistics; all daily evolution features of 1870 to 2008 are also covered in the 
analysis described above. Therefore, a separate analysis of node daily evolution for 1870 
to 2008 is not provided. 
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Fig. 10 Visualization of nodes’ daily variations. Node coordinates are labeled at the top of each sub-plot. 
The three percentage values in the bottom of each node correspond to percentage of SLP daily cases: 1) 
remains in current node, 2) moves to an adjacent node (non-diagonal), 3) jumps to a non-adjacent node, in 
the next day. The length of arrow pointing a certain direction represents the chance (%, scale shown in 
lower left corner) of SLP daily cases of that node moving to its adjacent node or diagonal node in the 
arrow’s direction. 
 
4.4 Node frequency 
As is discussed in the previous chapter, 2.58% to 2.97% is the expected range of 
frequency for a 6×6 SOM based on 27,363 daily cases (1934 to 2008), at 95% confidence 
interval. However, 28 out of 36 node frequencies fall outside this range (Fig. 11). Out of 
the 28 significantly different nodes, 15 nodes have significantly high frequencies. The 
bottom row (Nodes (1,6), (2,6), (3,6), (4,6), (6,6)), center nodes (Nodes (3,3), (4,3), (2,4), 
(3,4), and (4,4)), and nodes along the first column (Nodes (1,1), (1,3), and (1,4)) are three 
major clusters of these high frequency nodes. The bottom row nodes characterize 
cyclones located in the Labrador Sea moving north and being split by the southern tip of 
Greenland. In the previous section, we also found that when the cyclone position reaches 
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the southwest coast of Greenland, cyclone-blocking by GrIS’s high elevation terrain may 
also occur. The center nodes (Nodes (3,3), (4,3), (2,4), (3,4), and (4,4)) depict cyclone 
moving around Cape Farewell, a pattern that is said to cause a large amount of 
precipitation in southern Greenland (Schunemann et al., 2009). Nodes in the first column 
(Nodes (1,1), (1,3), and (1,4)) share similar SLP patterns – a strong Icelandic Low and 
strong Azores High, which is a pattern associated with large positive NAO index. These 
three synoptic patterns comprised of multiple nodes occupy 43.24% of all daily cases, 
equivalent to 158 days out of every year; if associated with high daily precipitation in the 
North-central Greenland, these synoptic patterns can significantly contribute to annual 
snow accumulation. 
        Node frequencies of 1870 to 2008 are only slightly different from that of 1934 to 
2008. The 1870 to 2008 frequency contour is almost identical to that for 1934 to 2008 
(Appendix: Fig. 21). For the longer time series, 27 out of 36 nodes have frequencies that 
are considered significantly different at 95% confidence level (expected frequency range 
2.63% to 2.93%). In both time frames, 12 out of 36 nodes are found to have frequencies 
larger than 3%.   
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Fig. 11 Node frequency for 1934 to 2008 SLP SOM. Percentage numbers at coordinates show frequency of 
corresponding node in the Mater SOM. Percentage numbers of significantly high frequency nodes are 
bolded, while that of significantly low frequency nodes are italicized. 
 
4.5 Precipitation 
In the 20CRv2, precipitation is modeled based on surface pressure reports consisting of 
land and marine observations. SLP anomalies, a widely used means of representing 
atmospheric circulations at the surface, is a good reflection on complex synoptic and 
topographic forcing factors leading to precipitation in the North Atlantic region. In this 
section, 20CRv2 model derived precipitation of the NEEM Traverse and Survey area is 
employed for an in-model comparison with SLP anomaly SOM.  
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4.5.1 Daily Precipitation  
Mean daily precipitation of all daily cases that map to a certain node within 1934 to 2008 
is used to represent daily precipitation (mm/day) of that node. Fig. 12(a) shows average 
daily precipitation amounts for all nodes in the Master SOM. Nodes causing large daily 
(greater than 1mm/day) precipitation in the NEEM Traverse and Survey area are 
clustered in the lower proportion of the Master SOM under the quasi-diagonal connecting 
nodes (5,1) and (2,6) (Fig. 12(a)). Nodes in the Master SOM’s lower-center (Nodes (4,5), 
(4,6), (2,5), (5,6), and (3,6)) has the highest daily precipitation values of greater than 1.30 
mm/day.  
        For the 1870 to 2008 time frame, estimated node daily precipitation values are 
generally larger due to 20CRv2’s greater overestimation of NEEM Traverse and Survey 
area precipitation prior to the 1930s. Nodes averaging large daily precipitations are 
similar to that of 1934 to 2008, focused in the lower central columns (columns 3, 4, 5) of 
the Master SOM (1.40-1.63mm/day), as well as the middle two nodes of the last column 
(1.55-1.66mm/day).  
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(a)                                                                           (b) 
Fig. 12 Average daily precipitation (mm/day) in NEEM Traverse and Survey area modeled by 20CRv2 for 
(a) 1934-2008, (b) 1870-2008. Numbers at coordinates shows 20CRv2 estimated average daily 
precipitation (mm/year) from corresponding node in the Master SOM. 
 
(a)                                                                  (b) 
Fig. 13 Annual precipitation contribution (mm/year) in NEEM Traverse and Survey area modeled by 
20CRv2 for (a) 1934-2008, (b) 1870-2008. Numbers at coordinates shows 20CRv2 estimated annual 
precipitation contribution (mm/year) from corresponding node in the Master SOM. 
 
4.5.2 Annual Precipitation Contributions 
Annual precipitation contribution of a given node is determined by its amount of daily 
precipitation multiplied by the number of days it occurred during a year. As shown in Fig. 
13(a), nodes with large precipitation (12.7-17.3 mm/year) contributions to the area of 
37 
 
interest’s precipitation are mainly in the bottom two rows and lower half of central 
columns. Despite their highly daily precipitation, nodes in the lower half of columns 5 
and 6 have slightly smaller annual contributions (9.3-12.1 mm/year) due to their lower 
frequency of occurrence.  
        The 20CRv2 estimates a total of 34.82 cm/year in the NEEM Traverse and Survey 
area for 1934 to 2008. The 11 nodes (30.6% of total nodes) in the bottom two rows and 
lower half of central columns ((3,3), (4,3), (3,4), (4,4), (2,5), (3,5), (4,5), (1,6), (2,6), 
(3,6), (4,6)) contributes 15.50 (154.9684) cm of annual precipitation, equivalent to 44.5% 
of total annual precipitation of this area. With nodes in the last two columns with slightly 
smaller annual contribution (i.e. (5,3), (6,3), (5,4), (6,4), (5,5), (6,5), (5,6), and (6,6)) 
included, a total of 19 nodes (52.8% of total nodes) are responsible for  70.0% of this 
area’s total precipitation. Therefore, 20CRv2 data indicates that these nodes are major 
precipitation contributors for NEEM Traverse and Survey area. 
        The 19 major precipitation contributor nodes can be categorized into 3 groups based 
on the more general SLP patterns demonstrated. The first group consists of nodes (2,5), 
(1,6) and (2,6), which is characterized by strong Azores high and low pressure system 
located near east and west coast of Greenland. The second group include 8 nodes in the 
two middle columns (Nodes (3,3), (4,3), (3,4), (4,4), (3,5), (4,5), (3,6), (4,6)). These 
nodes are characterized by relatively weak cyclones in the Labrador Sea near the 
southern tip of Greenland; in Node (3,5), low-pressure center reaches its western-most 
location close to Baffin Bay. Azores High in Group 2 patterns are also weaker compared 
that of Group 1. In Group 3 nodes (Nodes (5,3), (6,3), (5,4), (6,4), (5,5), (6,5), (5,6), 
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(6,6),) low pressure system covers a large area of the Atlantic south of Greenland; a high 
pressure system lies either off the east coast of Greenland or farther south near Western 
Europe. SLP patterns shown by the three general groups of nodes are associated with 
positive NAO, neutral NAO around 0, and negative NAO, respectively. Two possible 
common storm tracks shown in these 19 nodes are: blocking of cyclones by the elevated 
GrIS and splitting of cyclones by the southern tip of Greenland. As already mentioned in 
section 4.2, cyclone blocking can be found in nodes (3,6), (4,6). Nodes (3,5) and (4,5) are 
also characterized by a low pressure system off the southwest coast of Greenland, and 
they will be regarded as nodes representing cyclone blocking as well. Splitting of 
cyclones is another common storm track found in the lower half of the Master SOM. An 
example of its possible process starts from Nodes (4,5), (5,5), (5,6) and ends in the left 
side nodes (1,6) and (2,6): an intense low pressure system southwest of Greenland in the 
Labrador Sea shifts north toward the southern tip of  Greenland and weakens. After the 
splitting occurs at the southern tip, two new cyclones develop on both the southwest and 
southeast coast of Greenland. These two cyclones can potentially re-intensify; the 
cyclone on west side of Greenland can propagate farther north, possibly develops into a 
polar low in colder seasons, effecting Greenland’s entire central-west Coast.  
       According to Fig. 11(a) and Fig. 12(a), when cyclones are located in the Labrador 
Sea (possibly secondary cyclones of cyclone-splitting at the southern tip of Greenland) 
southwest of Greenland (Group 1 and 2 patterns), the NEEM Traverse and Survey area 
receives the most annual total precipitation. When cyclones are farther south in the 
Labrador Sea near Canada (Group 3), NEEM Traverse and Survey area also receives high 
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daily precipitation. However, this occasion happens less frequently, possibly because 
cyclones shift away faster in the open ocean.  
        Nodes that have smaller average daily precipitation mostly result in smaller annual 
precipitation contributions to the NEEM Traverse and Survey area as well. There are two 
general types of SLP pattern in these nodes :1) Strongest Icelandic Low and a vast area of 
strong high pressure covering Eastern Canada, Azores Islands, and Western Europe 
(Nodes (1,1), (2,1), (3,1), (2,1), (2,2), (2,3), (1,3), (2,3), (1,4), (2,4), and (1,5)); and 2) 
Strong low pressure systems centered southeast of Greenland, covering Labrador Sea, 
Norwegian Sea and North Atlantic (Nodes (4,1), (5,1), (6,1), (4,2), (5,2), and (6,2)). In 
the first general pattern, the North-central Greenland region appears to be surrounded by 
low pressure. However, the 20CRv2 estimates limited precipitation under this situation, 
possibly implying that the high elevation terrain in Central Greenland (over 3000m) is 
blocking approaching cyclones. The latter SLP pattern demonstrates very few 
interactions between cyclones and Greenland topography, consequently there is limited 
precipitation predicted by 20CRv2 in the NEEM Traverse and Survey area.       
        The same analysis based on the full 20CRv2 extending from 1870 to 2008 produces 
similar results on the relationship of SLP patterns with precipitation in NEEM Traverse 
and Survey area. However, each node’s daily precipitation and annual precipitation 
contributions extracted from 20CRv2 are significantly higher than the 1934 to 2008 case. 
This is associated with the distinct offset of modeled annual precipitation (Fig. 5) in the 
1930s that was discussed in Chapter 3. Nodes with higher modeled daily precipitation are 
subject to higher levels of overestimate. Precipitation from SLP patterns showing strong 
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low pressure centered south of Greenland in the North Atlantic and Labrador Sea, as well 
as patterns in which a cyclone is moving around Greenland’s southern tip are most 
overestimated. Group 2, Group 3, and Nodes (6,1), (6,2) shows the above SLP features; 
20CRv2 estimates a total of 6.18 cm/year extra precipitation for 1870 to 2008 compared 
to 1934 to 2008. 
4.6 North-Central Greenland Annual Snow Accumulation 
The NEEM Traverse and Survey made radar measurements of annual internal layers 
along a 375km traverse along the Greenland ice divide, covering a large area over which 
elevation varied by a few hundred meters. Precipitation received in different parts of the 
traverse could likely be influenced by different synoptic forcing patterns. In this study, 
the NEEM Traverse is separated into a northern and a southern section based on the 
slightly different ice accumulation profiles mentioned in Chapter 3. Comparing the two 
sections, the northern section receives an average of 0.1721m/year w.e. accumulation, 
which is greater than the southern section which has a mean of 0.1543m/year w.e.. 
However, the standard deviation (σ) of annual accumulation for the southern portion 
(0.0353) is greater than that of the northern portion (0.0320), indicating relatively large 
annual accumulation variations. Very similar long-term patterns (Fig. 14) have taken 
place over the full range of the available years for northern and southern portions of 
NEEM traverse. An 11-year moving-average smoothing (Fig. 14) of northern and 
southern annual accumulation records shows a clear multi-year oscillation pattern. This 
pattern is present prior to the late 1980s, with a periodic cycle of approximately 20 years. 
The period with the largest amount of accumulation occurred in the 1940s for both 
bounds; the 1960s is also a high accumulation period. From the late-1980s to 2007, 
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annual accumulations in both bounds show increasing trends - trends only visible after 
smoothing and are otherwise overwhelmed by year-to-year variations. The individual 
year with the maximum annual accumulation for the Southern portion is 1944, with 
0.2311m w.e. accumulation; the maximum annual accumulation year for the Northern 
portion is 1962, when 0.2454m w.e., accumulation occurred. However, no significant 
correlations are found between NAO/AO indices with both the northern and southern 
annual accumulation.  
        Annual accumulations of the ice sheet in the dry snow zone provide a means of 
assessing precipitation inputs to the ice sheet. As surface melting is very rare in this area, 
precipitation is mostly contained by the ice sheet and accumulates forming annual layers. 
High annual precipitation input in this area will result in more ice accumulation during 
that year; lower annual precipitation leads to a thinner annual layer. In this analysis, radar 
determined annual accumulation measurements from the NEEM Traverse and Survey are 
used as the single classification criterion to determine wet years, dry years, and average 
year between 1889 and 2007.  
        For both the Northern and Southern portions, 0.6σ and 1.2σ from each of their mean 
annual ice accumulation w.e. are chosen as thresholds to segregate wet years, dry years, 
average years, and extreme wet and dry years. Using these thresholds, wet and dry years 
are determined, with a sufficient number of extreme wet and dry years available, 
allowing a large enough sample size for investigating a connection between precipitation 
and synoptic scale patterns. If any year’s accumulation (w.e.) falls within ±0.6σ from a 
118-year mean annual accumulation (1889-2007), it is defined as an average year; when a 
certain year’s accumulation is more than 0.6σ above the mean, it is defined as a wet year; 
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a year with accumulation less than 0.6σ below the mean is considered as dry year. 
Extreme years are defined as those which annual ice accumulation w.e. exceeds 1.2σ 
above (extreme wet year) or below (extreme dry year) the mean. Numbers of wet, dry, 
average, and extreme years extracted with this criterion are shown in Table 1. More wet 
years as well as dry years are present for the northern than the southern section.  
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(a) 
 
(b) 
Fig. 14 Time-series of NEEM Traverse and Survey annual ice accumulation records for (a) Northern 
section of the traverse and (b) Southern section of the traverse. Blue lines show the annual ice accumulation 
(w.e.) over the period of 1889 to 2007; black lines are 11-year moving average of ice accumulation (w.e.) 
time series. The dashed lines in each figure shows 1.2σ above or below mean annual accumulation (w.e.) 
(red dashed line), 0.6σ above or below mean (green dashed line), mean annual accumulation (w.e.) (black 
dashed line). Years in which the annual accumulation (w.e.) amount is beyond the range of red dashed lines 
are extreme wet or dry years; years in which the annual accumulation (w.e.) amount is beyond the range of 
green dashed lines are wet or dry years; years in which annual accumulation (w.e.) amount falls between 
the two dashed green lines are average years. 
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Precipitation 
category  
 
 
Section 
Wet year Dry year Average year Extreme wet year Extreme dry year 
Northern 
1889-2007 
38 37 43 15 12 
Southern 
1889-2007 
34 28 56 10 16 
Northern 
1934-2007 
22 24 27 11 12 
Southern 
1934-2007 
23 18 32 8 12 
Table 1. Number of wet, dry, average, and extreme years identified during 1889 to 2007 or 1934 to 2007, 
for the northern portion and southern portion of NEEM traverse 
 
4.7 Synoptic Patterns in Wet, Dry, and Average years 
In Section 4.3, major SLP patterns with the largest contributions to the NEEM Traverse 
and Survey area’s annual precipitation identified based on 20CRv2 are 1) cyclone 
centered at the southern tip of Greenland, 2) strong cyclone in Labrador Sea or North 
Atlantic, 3) strong cyclone approaching the west coast of Greenland (in the order of 
higher annual precipitation to lower precipitation).  
        The NEEM Traverse and Survey annual accumulation data provides the most 
reliable measurement of annual precipitation for the interior of Greenland (dry snow zone) 
since the actual accumulation is preserved and the radar tracks continuous isochronous 
layers. Wet, dry, and average years are derived using this annual accumulation record and 
criterion described in the previous section. A wet year, i.e. a year of higher annual snow 
accumulation (w.e.), is the consequence of frequent precipitation events and/or a few 
very large precipitation events. On the other hand, little precipitation during the year will 
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result in a dry year. Analyzing prevailing SLP patterns of wet, dry, and average years 
using the Master SOM provides insights on the cyclone tracks and patterns responsible 
for the observed annual precipitation. Separate analyses are conducted for the NEEM 
Traverse Northern and Southern sections due to their different annual accumulation 
properties. A time period of 1934 to 2007 is chosen due to the higher number of data 
records available for these years, and also for a straight forward comparison with 
20CRv2-based precipitation results as well. 
        The Master SOM of 1934 to 2008 is used to illustrate SLP pattern of the North 
Atlantic Region, assuming all these SLP patterns have the possibility to occur in wet, dry, 
and average years. Wet, dry, and average years’ node frequencies are compared with a 
reference – overall average node frequencies for 1934 to 2007 along with its deviation 
from a reference value, as show in Fig. 15 to Fig. 18. Venn diagrams for distribution of 
significant nodes during wet, dry, and extreme years for both Northern and Southern 
sections are also given (Fig. 19). For a given type of year, high frequency node and nodes 
which their SLP pattern highly resembles high frequency nodes are chosen to fall into the 
circle for that type of year; pattern interpretation is applied in the production of the Venn 
diagrams. 
        Wet year node frequency changes for the Southern section (Fig. 15a) have the 
following general features: mostly-negative frequency change of right half of the Master 
SOM; positive frequency changes of nodes in the upper half of the 1st and 2nd column 
(Nodes (1,1), (2,2), (2,3), etc.) and lower-left corner nodes (Nodes (1, 5), (1,6), (2,6), 
etc.). The Master SOM shows that, Nodes (1,1), (2,2), and (2,3) experiencing positive 
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frequency change during wet years are characterized by strongest Icelandic Low and 
strong Azores High, corresponding to high NAO Indices. Additionally, the entire island 
of Greenland is surrounded by low-pressure system in these nodes. Lower-left corner 
nodes (1,5), (1,6), and (2,6) also have a strong Icelandic Low and Azores High, but 
shifted away from Iceland and Azores Island slightly; meanwhile another low pressure 
system centered at the west coast of Greenland is present – a possible result of cyclone-
splitting occurring earlier at the southern tip of Greenland. These SLP patterns favoring 
wet years indicate that the existence of strong cyclones on either the west or east coast of 
Greenland is important in promoting precipitation in the NEEM Traverse Southern area. 
The cyclone flows associated with Strong-Icelandic Low patterns transports moist air 
from the ocean east of Greenland, creates onshore flow as it travels over the east coast of 
Greenland, and precipitates in the interior of Greenland. Similarly, nodes in the lower-left 
corner are associated with on shore flows conveying moisture from the ocean to the west. 
Other nodes experiencing slightly higher frequency during wet years are (5,4), (4,6), (6,1); 
these individual nodes are scattered in different parts of the Master SOM alone and may 
have limited impact on wet years’ precipitation given they are single nodes. It is also 
shown that nodes with lower frequency during wet years are generally ones which have 
cyclones either farther away from Greenland’s coast or of weaker intensity. 
        Dry year node frequency changes to reveal a pattern opposite to that of wet years. 
Frequencies of nodes with a strong Icelandic Low are lower, while nodes with weak 
Icelandic Low or high pressure over Iceland region became more frequent. Consequently, 
there will be a less flow that conveys moist air to the NEEM Traverse region through 
Greenland’s east coast, resulting in less total precipitation in the year, thus less snow 
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accumulation in dry years. Higher frequency of nodes with cyclones centered close to 
Greenland’s southern tip (Nodes (3,5), (4,5), (5,5), and (5,6)) is also observed. Frequent 
occurrence of these nodes in which a cyclone is at the southern tip of Greenland during 
dry years possibly implies that this type of cyclone track does not significantly contribute 
to precipitation in the NEEM traverse Southern area. 
        Nodes in the 1
st
 and 2
nd
 column (Nodes (2,3), (2,4), (1,6), (2,6), etc.) associated with 
strong Icelandic Low and Azores High also become more frequent in the Northern wet 
year patterns, similar to Southern patterns. Additionally, the upper-right corner nodes 
with a strong low pressure system farther south in the Atlantic Ocean with no clear 
interaction with Greenland, are also more frequent in northern wet years. Dry year node 
frequency change of the northern portion shows generally the same features as the 
southern dry year frequency changes. Higher frequency of nodes in the right half of the 
Master SOM (Nodes (4,3), (5,3), (5,5), (5,6), etc.) during dry years implies that, when 
weaker or more distant cyclones occur more frequently over the year, less total 
precipitation falls in the northern area of the NEEM traverse.         
        Average year node frequency changes for northern and southern portions of the 
traverse are mostly smaller in magnitude compared to that of wet and dry years, and 
within the range of -5% to 5%. Nodes with cyclones associated with larger amounts of 
precipitation in the NEEM traverse area occurs relatively often, but not as frequently as 
wet years; nodes with limited impact on precipitation do not occur too frequently, 
therefore in these average years, moderate amounts of precipitation are observed. 
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4.8 Extreme Wet Years and Dry Years 
Extreme years are those which experienced exceptionally high (low) annual snow 
accumulation – 1.2σ above (below) the 118-year-mean annual ice accumulation (1889-
2007). These years are rarer than the wet and dry years discussed in the previous section. 
The extreme years of southern and northern segments of the NEEM traverse for 1934-
2008 will be inspected separately. 
        Node frequency changes based on the 8 identified extreme wet years of the southern 
portion (Fig. 17) shows highly distinguished features compared to that of regular wet 
years. Nodes which are more frequent during extreme wet years are mainly found in the 
lower-left section (Nodes (1,6), (2,5), (2,4), etc.) and right half of last row (Nodes (4,6), 
(5,6), (6,6), etc.) of the Master SOM. Though the upper-right corner nodes (Nodes (5,1), 
(6,1), (6,2)) and center right-side-columns (Nodes (5,4), (6,4), etc.) are occurring more 
frequently in extreme wet years than regular wet years, these nodes are also shown to be 
equally frequent or more frequent during extreme dry years as well as regular dry year. 
Moreover, the SLP patterns characterized in these nodes – high pressure system 
surrounding Greenland and low pressure system farther south in the Labrador Sea, do not 
show a strong connection with precipitation in the NEEM traverse southern area. 
Therefore, they are not considered to be significant contributors to precipitation during 
the extreme wet years. As is previously mentioned, lower left corner nodes characterize 
synoptic patterns with cyclones located off the southeast and southwest coast of 
Greenland; cyclones in these locations have the potential to convey moisture to the 
NEEM traverse southern area from either the Baffin Bay region or Greenland Sea in the 
east. Nodes on the right half of the last row (Nodes (4,6), (5,6), (6,6), etc.) are mostly 
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characterized by cyclones near the southern tip of Greenland; in these cases, when the 
low pressure system is deep and covers a large-enough area, it may still create strong 
onshore flow that can possibly lead to precipitation in the NEEM traverse southern area. 
High-frequency nodes for regular wet years in the upper 1
st
 and 2
nd
 columns of the 
Master SOM (Nodes (1,1), (2,2), and (2,3)) become almost neutral (i.e. very little 
deviation from their 118-year (1889-2007) average node frequency). This may indicate 
that synoptic patterns associated with these nodes are not the primary patterns leading to 
an extreme wet year. Infrequent nodes of extreme wet years are mostly characterized by a 
cyclone centered south of Iceland in the North Atlantic Ocean. These cyclones, no matter 
how strong or weak, are too distant from the NEEM traverse region to play a large role in 
precipitation over central Greenland.  
Extreme dry year node frequency change patterns show the following features: 
Largest magnitude of frequency increase for nodes characterized by a strong cyclone in 
the North Atlantic south of Iceland (Nodes (5,1), (6,1), (6,2), etc.), high frequency 
increase for nodes with cyclones that are near the southern tip of Greenland (Nodes (3,5), 
(4,5), (5,5), etc.), and less frequent occurrence of nodes characterized by a low pressure 
system surrounding Greenland or centered near the west coast of Greenland. These 
features described above are in good agreement with regular dry year features discussed 
in the previous section; only the top right corner nodes (Nodes (5,1), (6,1), (6,2), etc.) are 
even more frequent in extreme dry years. It may be concluded that, when cyclones are 
more often farther south in the North Atlantic over the year, NEEM traverse southern 
area is more likely to experience a dry year. 
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        It is found that regular wet and dry year node frequency change patterns for southern 
and northern portions of the NEEM traverse share much resemblance.  However, a 
significant distinction in extreme wet year node frequency changes between the southern 
and northern portions was found (Fig. 17). Northern extreme wet years favor nodes 
characterized by a strong Icelandic Low and low pressure system surrounding Greenland 
(Node (1,1), (2,2), (2,3), (2,4), etc.), while southern portion  extreme wet years favor 
nodes characterized by cyclones located both east and west coast of Greenland. 
Additionally, different from the southern portion, nodes in the right half of the Master 
SOM (For example, Nodes (6,1), (6,2), (5,4), (6,4), (4,6), (5,6) are a lot less frequent 
compared to southern portion extreme wet years) are mostly infrequent in northern 
extreme wet years. Extreme dry year node frequency change patterns of the northern 
segment is roughly the opposite of the extreme wet years: the high frequency of nodes 
characterized by a low pressure system in the south of Greenland (Nodes (5,2), (5,3), 
(4,5), (5,5), etc.) and nodes with a relatively weak Icelandic Low (Nodes (1,5), (2,5)). 
Similar features are seen in the southern portion extreme dry year patterns. The 
distinction in extreme wet year node frequency features indicates that the northern and 
southern domains have different synoptic forcing causing precipitation. Large amounts of 
precipitation in the northern area, which is closer to the west coast of Greenland, appears 
to depend more on a strong low pressure system dominating Greenland’s entire region. 
The Southern portion is located further inland where the elevation is higher by several 
hundred meters. According to the results above, large amounts of precipitation fall in this 
area when cyclones are both west and east of Greenland, or when cyclones are centered 
very close to Cape Farewell, Greenland.  
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        A separate analysis for 1889 to 2007 is conducted. Main features of wet, dry, and 
extreme year frequency change (Fig. 16 and 18) have shown to be consistent with 1934 to 
2007’s results described above, though percentage numbers may show small variance. 
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        (a) Southern/wet                                             (b) Northern/wet 
 
       (c) Southern/dry                                                 (d) Northern/dry 
 
    (e) Southern/average                                   (f) Northern/average 
Fig. 15 Node frequency change compared to 1934-2007 average, expressed in positive or negative 
percentage, for (a) Southern portion wet years, (b) Northern portion wet years, (c) Southern portion dry 
years, (d) Northern portion dry years, (e) Southern portion average years, (f) Northern portion average 
years. Positive percentage values are bolded and shaded in red; negative percentage values are shaded in 
blue. 
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                (a) Southern/wet                                           (b) Northern/wet 
 
       (c) Southern/dry                                            (d) Northern/dry 
 
    (e) Southern/average                                        (f) Northern/average 
Fig. 16 Node frequency change compared to 1889-2007 average, expressed in positive or negative 
percentage, for (a) Southern portion wet years, (b) Northern portion wet years, (c) Southern portion dry 
years, (d) Northern portion dry years, (e) Southern portion average years, (f) Northern portion average 
years. Positive percentage values are bolded and shaded in red; negative percentage values are shaded in 
blue. 
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                (a) Southern/extreme wet                                        (b) Northern/extreme wet 
 
                  (c) Southern/extreme dry                                     (d) Northern/extreme dry 
Fig. 17 Node frequency change compared to 1934-2007 average, expressed in positive or negative 
percentage, for (a) Southern portion extreme wet years, (b) Northern portion extreme wet years, (c) 
Southern portion extreme dry years, (d) Northern portion extreme dry years. Positive percentage values are 
bolded and shaded in red; negative percentage values are shaded in blue. 
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             (a) Southern/extreme wet                                           (b) Northern/extreme wet 
 
            (c) Southern/extreme dry                                       (d) Northern/extreme dry 
Fig. 18 Node frequency change compared to 1889-2007 average, expressed in positive or negative 
percentage, for (a) Southern portion extreme wet years, (b) Northern portion extreme wet years, (c) 
Southern portion extreme dry years, (d) Northern portion extreme dry years. Positive percentage values are 
bolded and shaded in red; negative percentage values are shaded in blue. 
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(a) 
 
(b) 
Fig. 19 Venn diagram for SOM nodes segregated based on their frequency of occurrence during wet, dry, 
and extreme years of (a) Southern portion and (b) Northern portion. 
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Chapter 5        Discussion and Conclusions 
 
5.1 Discussion 
The purpose of this study is to find synoptic scale forcing factors contributing to 
precipitation of North-Central Greenland. The main data sets employed to serve this 
purpose are the 20CRv2 SLP fields and modeled precipitation and NEEM traverse and 
Survey radar-derived annual snow accumulation records. The analysis has emphasized 
the post-1934 data for its superior station/marine observation coverage over pre-1934 
years; analysis for the full data set is also conducted (1870-2008 for in-model synoptic 
pattern analysis and 1889-2007 for model-radar-based synoptic pattern analysis). The 
NEEM Traverse and Survey radar-measured annual snow accumulation records is major 
advance over previous studies base on climate models, reanalysis data, and ice core 
records (Ohmura and Reeh, 1991; Ohmura et al., 1996, 1999; Thompson and Pollard, 
1997; Glover,1999; Murphy et al., 2002; Dethloff et al., 2002; Box et al., 2004, 2005, 
2006; Hanna et al., 2005, 2006, 2008; Fettweis et al., 2008; Ettema et al., 2009). The 
NEEM traverse annual snow accumulation records from CReSIS provide better spatial 
representativeness, fewer uncertainties, and more than one century of observed dry snow 
zone precipitation; in addition, the 375 km-long traverse allows this data to reliably 
represent a much broader area than ice cores. 
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        The Self-Organizing Maps methodology provided a means of classifying and 
visualizing SLP patterns and their day to day change that are present in the 20CRv2 daily 
SLP data, which allows for a comprehensive cyclone track/synoptic forcing factor 
analysis. Compared to Schunemann et al. (2009) which is based on 39-year ERA-40 data, 
this study has a longer time-span of SLP data and precipitation/annual accumulation 
records. Over one hundred years of daily SLP cases, modeled daily precipitation, and 
annual snow accumulation enables extraction of adequate numbers of wet year/dry year 
for a solid statistical analysis as well as a long-term comparison with NAO/NAM records. 
Daily-resolved SLP data is able to capture slight changes in cyclone movement and 
intensity, which will otherwise be masked in data products under lower temporal 
resolution. 
        The Master SOM derived 36 nodes representing all SLP pattern daily featured in 
20CRv2 SLP data (1934-2008). Despite small differences in data domain selection, SLP 
patterns displayed in these 36 nodes include nearly all features in Schunemann et al.’s 
(2009) 5×7 SOM. The Master SOM, combined with node frequency and day-to-day 
evolution features, enables the following potential cyclone tracks within the North 
Atlantic region to be identified: cyclone-blocking at the west coast of Greenland due to 
high elevation of southern GrIS, cyclone splitting by Greenland’s southern tip, and other 
cyclones’ intensification/weaken accompanied by shifts in location. Cyclone splitting and 
blocking are also found by Schunemann et al. (2009) using ERA-40 SLP fields. Similar 
interactions between cyclones and the high-elevation portion of southern Greenland has 
also been referred to in research based on case studies and climate models (Chen et al. 
1997; Kristjansson and McInnes 1999; Petersen et al. 2003; Tsukernik et al. 2007). 
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However, cyclones originating in Baffin Bay and approaching Greenland from the west, 
which is a common cyclone track according to several previous studies (Schunemann et 
al., 2009; Chen et al., 1997), is not clearly shown in the Master SOM: this may be caused 
by difference between 20CRv2 and ERA-40. An overall trend of NAO and AO indices 
associated with each node’s SLP pattern in also present in the Master SOM: NAO and 
AO indices of nodes decreases monotonically from the left side of Master SOM to the 
right side.  
        In-model analysis (20CRv2 based SLP SOM versus 20CRv2 precipitation) and 
model-versus-radar analysis (20CRv2 based SLP SOM versus radar-measured annual 
snow accumulation) lead to distinctly different results on determining the main synoptic 
forcing factors on North-central Greenland precipitation input. 20CRv2 daily 
precipitation data for North-central Greenland estimates 34.82cm/year of annual 
precipitation, which is an overestimation of more than 15cm/year for some portions of the 
traverse (Ohmura and Reeh 1991; Chen et al. 1997; Ohmura et al. 1999; Bales et al. 
2001; Cassano et al. 2001; Box et al., 2004, 2005, 2006). Nodes identified as providing 
the largest contribution to both daily and annual precipitation are characterized by 
cyclones centered near the southern tip of Greenland (possibly in the process of splitting) 
or farther south in the Labrador Sea. These SLP patterns possibly contribute to enhanced 
precipitation by advecting moist air to Greenland. Chen et al. (1997) mentioned that, 
when a cyclone travels around Greenland’s southern tip (or Cape Farewell), a great 
amount of precipitation usually falls in southern Greenland. However, no clear evidence 
or previous research indicates that these patterns may lead to notable precipitation events 
in North-central Greenland (NEEM traverse area). According to Schunemann et al 
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(2009)’s study based on ERA-40, similar SLP patterns are regarded as major 
precipitation contributors in southern Greenland; in regions farther north, these patterns 
were associated with very little daily/annual precipitation.  
        The NEEM traverse annual snow accumulation records provide a unique assessment 
of annual precipitation for central Greenland. The NEEM traverse has been separated into 
two segments – the northern and the southern segments due to slight differences in their 
annual snow accumulation climatology. The northern segment is located closer to the 
west coast of Greenland and has a lower overall elevation; the southern segment is farther 
in the interior of Greenland, and its average elevation is higher than the northern segment 
by several hundred meters. These regional differences may lead to different precipitation 
forcing factors: the northern segment may be more susceptible to cyclones approaching 
from the west of Greenland, while it can be more difficult for these cyclones to affect the 
southern segment. Over the 118 years (1889-2007) of available accumulation records, 
using w.e. annual snow accumulation as gauge for annual precipitation, wet/dry years and 
extreme wet/dry years can be well defined on a regional scale and can be segregated from 
average precipitation years (see section 4.4 for detailed criterion for distinguishing 
wet/dry years, average years, and extreme years). Though several previous studies have 
reported a negative correlation between NAO index and western Greenland annual 
accumulation based on ice core records (GITS, NASA-U and D2) over various time 
intervals (Appenzeller et al., 1998; Mosley-Thompson et al., 2005), the NEEM traverse 
annual snow accumulation records show no significant correlation with either NAO or 
AO index.     
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        Analysis of SLP pattern frequencies for wet/dry years in the southern portion show 
that prevailing SLP patterns in wet years are those characterized by high positive NAO 
index, i.e. a strong cyclone located near Iceland (or shifted slightly towards Greenland’s 
southeast coast). SLP patterns in which a cyclone is located 1) south of Greenland in the 
North Atlantic ocean, or 2) in the Labrador Sea south of Cape Farewell, occurs less 
frequently during wet years; these same SLP patterns have also been shown to be more 
frequent in southern sector dry years. A common feature shared by these patterns 
prevailing in dry years is very little interaction between cyclones and Greenland 
topography. It can be inferred that cyclones need to be close enough to GrIS so that 
interactions between the cyclone and Greenland topography are possible, and thereby 
creating onshore flows that transports moist from maritime areas to the North-central 
region. 
        Surprisingly, in extreme wet years and extreme dry years of the southern sector, a 
notable number of SLP patterns that occur at higher frequencies are overlapping. These 
overlapping patterns are mostly associated with low NAO indices (negative or neutral). It 
is worth mentioning that extreme wet and extreme dry years mostly occur during the 
1930s to 1980s period, when NAO undergoes a long period of neutral/negative values. 
Extreme wet and dry years that are clustered during low-NAO periods may imply a 
connection between annual NAO index and the magnitude of year-to-year precipitation 
variability over a longer time frame. However, southern sector regular wet years’ high 
frequency SLP pattern do not occur more frequently in extreme wet years. 
        SLP pattern frequency features for northern sector wet years and dry years are very 
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similar to that of the southern sector: more frequent occurrence of 1) high-NAO-
characterized SLP pattern and 2) SLP patterns with cyclones at the west coast of 
Greenland during wet years; high frequency of SLP patterns characterized by cyclones 
centered south of Iceland/Greenland, in the North Atlantic ocean during dry years. This 
similarity between northern and southern wet and dry years indicates that synoptic 
forcing factors for these two areas may be similar to a quite large extent. Unlike the 
southern extreme years’ distribution, northern extreme wet years and dry years are more 
evenly distributed throughout the entire time domain, covering periods of high and low 
NAO. Therefore, SLP pattern frequency for these years does not favor either positive-
NAO or negative-NAO. Instead, regular wet year SLP pattern frequency properties 
become stronger during extreme wet years; likewise, extreme dry years have also 
displayed strengthened dry-year SLP pattern frequency features.  
        Despite that regular wet and dry year climatology of the northern and southern 
sectors have a lot in common, this difference in extreme year SLP pattern found between 
the two sectors in this study implies that a difference in synoptic forcing exists, and could 
be caused by several reasons. One possible reason is a connection between the southern 
sector precipitation variability and the long term trend associated with NAO, while 
precipitation in the Northern sector is impacted more by cyclones approaching from the 
west of Greenland. Difference in geo-location of the two bounds may also play a role: the 
southern sector is located farther away from Greenland’s west coast and several hundred 
meters higher in altitude as well; chances are that topography and distance from the coast 
may play a bigger part in the more-elevated southern area. Despite all the possible 
explanations, it is worth-mentioning that attempting to explain precipitation patterns of 
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the region of interest solely depending on SLP-base synoptic patterns may not be 
adequate, since North-central Greenland has extremely high elevation. More in-depth and 
comprehensive analysis can be done in the future if more parameters are taken into 
account, e.g. temperature, humidity, and seasonal precipitation patterns.  
        Schunemann et al. (2009) studied precipitation forcing factors of central and western 
Greenland (the NEEM traverse lies within these Schnemann et al. defined regions). For 
both these regions, Schunemann et al. also found that when a broad area of low pressure 
is surrounding Greenland or a cyclone is located off the west coast of Greenland, higher 
amounts of precipitation fall, which is in agreement with results in this study. Wet 
year/dry year prevailing SLP patterns in this study also provide insights into connections 
between the NEEM traverse area precipitation with NAO, which previous studies found 
no significant correlation (Appenzeller et al., 1998; Bromwich et al., 1999; E. Mosley-
Thompson et al., 2005; Hurrell et al., 2003, 2009).  
        Analysis for 1889 to 2007 does not significantly change the main features of wet, 
dry, and extreme year frequency change, though the percentage of cases may show a 
small variance. It is likely that this small change in individual node frequency is related to 
long-term climatic patterns in the North Atlantic region. 
        The climatology of North Atlantic region over the past 118 years addressed in this 
study provides insights into synoptic forcing of precipitation/snow accumulation 
variability of North-central Greenland. These findings can help predict future North-
central Greenland precipitation trends by examining changes in synoptic scale patterns 
simulated by General Circulation Models (GCMs). 
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5.2 Conclusions 
        The Self-Organizing Maps (SOM) algorithm is applied to 20CRv2 SLP fields; 36 
SLP patterns are chosen to represent all synoptic features in the North Atlantic region. 
These SLP patterns in the Master SOM are used to evaluate 20CRv2 modeled-
precipitation of North-central Greenland as well as to seek synoptic scale patterns leading 
to wet/dry years in North-central Greenland based on radar-measured annual snow 
accumulation. Key findings are: 
1) No long-term trend in w.e. annual accumulation change is observed during 1889 
to 2007 for both Northern and Southern sectors of the NEEM traverse. Before the 
1980s, there is an approximately 20-year periodic cycle of annual accumulation. 
An increasing trend of annual accumulation occurred from late 1980s to 2007. 
2) Movements, changes in intensity of cyclones and anti-cyclones are displayed. 
Possible main cyclone tracks interacting with Greenland’s topography are: 1) 
cyclone splitting at the southern tip of Greenland, and 2) cyclone-blocking by the 
high-elevation ice sheet in western Greenland. Other cyclone tracks and 
strengthening and weakening patterns are also found. 
3) SLP patterns characterized by a vast low pressure system surrounding Greenland 
or cyclones approaching Greenland from the west are identified as prevailing wet 
year patterns for both southern and northern sectors. Dry years favor SLP patterns 
characterized by cyclones centered far away from Greenland, mostly in the 
Labrador Sea or North Atlantic. Precipitation usually results from cyclones that 
convey moisture from neighboring oceans and creates on-shore flow. This 
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requires sufficient interactions between cyclones and Greenland topography. If 
during a certain year, a large number of days are characterized by very little 
interaction between cyclones and Greenland topography, then this is likely to be a 
dry year. 
4) Extreme wet/dry years SLP pattern properties showed that distinctions in 
climatology exist between the northern and southern sectors of the NEEM 
traverse. This distinction is possibly due to SLP patterns identified in 20CRv2 
having different degrees of impact on these areas’ precipitation; there may be 
topographic factors or distance to the coast influencing precipitation of the farther 
inland, higher-elevated southern sector. 
        This study has also shown that caution should be taken when using 20CRv2 
model estimated precipitation of North-central Greenland. Annual precipitation 
derived from radar measured snow accumulation records is only possible at annual 
resolution.  However, the 20CRv2 does not properly estimate North-central 
Greenland’s precipitation, and also appears to mask certain SLP patterns (cyclones 
originated in Baffin Bay) that were found in other studies. Seasonality of precipitation 
as well as important precipitation events are also masked in annual snow 
accumulation records. Applying the SOM algorithm to a SLP field of reanalysis data, 
polar lows cannot be distinguished from midlatitude cyclones, and thus their 
contributions in precipitation. Using higher temporal resolution precipitation records 
as well as higher temporal resolution cyclone data may provide more comprehensive 
and in-depth explanations to the climatology addressed in this study. Studies have 
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found that decades of high correlations between NAO and Greenland surface air 
temperature (SAT) alternates with decades of low NAO-SAT correlations (Hurrell, 
1995; Polyakova et al., 2006). This indicates a connection between circulation 
patterns and SAT at decadal scale; therefore, North-central Greenland precipitation 
amounts may also be sensitive to SAT. However, this study did not look into is 
connection. In the future, SAT can be included as a parameter to assist segregate wet 
and dry year and identify wet year, dry year, and extreme year synoptic patterns. By 
doing this, explanations to some complicated results of this study (e.g. some wet year 
and dry year synoptic patterns overlapping, especially in NEEM traverse southern 
portion extreme years) may be better addressed. 
        In summary, future improvements of this study could incorporate more 
meteorological parameters (e.g. SAT), seasonality properties, and incorporating 
Regional Climate Models to examine the meteorological forcing mechanisms of 
precipitation/accumulation in North-central Greenland. 
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Appendix  
 
Fig. 20 Master SOM based on 20CRv2 SLP anomaly (Pa) from 1870 to 2008. Positive SLP anomalies are 
shaded in red, whereas negative SLP anomalies are shaded in blue.  
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Fig. 21 Node frequency for 1870 to 2008 SLP SOM. Percentage numbers at coordinates show frequency of 
corresponding node in the Mater SOM. Percentage numbers of significantly high frequency nodes are 
bolded, while that of significantly low frequency nodes are italicized. 
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